The traditional view of the morphology-spin connection is being challenged by recent integral-fieldunit observations, as the majority of early-type galaxies are found to have a rotational component that is often as large as a dispersion component. Mergers are often suspected to be critical in galaxy spin evolution, yet the details of their roles are still unclear. We present the first results on the spin evolution of galaxies in cluster environments through a cosmological hydrodynamic simulation. Galaxies spin down globally with cosmic evolution. Major (mass ratios > 1/4) and minor (1/4 ≥ mass ratios > 1/50) mergers are important contributors to the spin down in particular in massive galaxies. Minor mergers appear to have stronger cumulative effects than major mergers. Surprisingly, the dominant driver of galaxy spin down seems to be environmental effects rather than mergers. However, since multiple processes act in combination, it is difficult to separate their individual roles. We briefly discuss the caveats and future studies that are called for.
INTRODUCTION
Ever since the first classification of "galaxies" by Hubble (1926) , the origin of galaxy morphology has been a main quest in astrophysics. The prevailing interpretation has been in terms of kinematic properties: elliptical galaxies are dispersion-dominated (Bertola & Capaccioli 1975; Binney 1976; Illingworth 1977) , while disk galaxies are rotation dominated. This was viewed as reasonable in the current-favorite hierarchical merger paradigm, if elliptical galaxies are merger remnants where the angular momentum of merging disks is likely reduced after repeated mergers.
Galaxy investigations have often been based on galaxy morphology, but this may have to change. Recent integral field unit (IFU) spectroscopic observations have revealed that elliptical galaxies, too, contain a substantial fraction of rotating component, in contrast to the textbook expectation. More than three quarters of the ATLAS 3D early-type galaxies are classified as fast rotators , damaging the traditional understanding of the morphology-spin connection. Spin 1 is suggested to be a representative property of a galaxy, transforming the way galaxy studies are performed. It is essential to develop an understanding on the spin evolution of galaxies to face this paradigm shift.
Galaxies probably form first as a rotating disk because 1 See Section 2.4 for its definition.
the collision among pre-galactic clouds would not likely achieve a zero net angular momentum, as suggested by tidal torque theory (Peebles 1969) . Numerical simulations demonstrated that galaxy mergers may result in dispersion-dominated morphologically-elliptical galaxies under centain conditions (e.g. Toomre 1977; Gerhard 1981; Barnes 1988 Barnes , 1992 Hernquist 1992; Naab et al. 2006; Cox et al. 2006) . On the other hand, recent studies found that the final morphology of a galaxy depends more on its individual gas accretion history rather than galaxy merger history (Sales et al. 2012) . Morphology and spin seem linked (Fall 1983; Fall & Romanowsky 2013) , but the role of mergers and the details of the spin evolution are far from being clear. Theoretical attempts have been made to explain the origin of slow and fast rotators. A semi-analytic calculation succeeded first in reproducing the ratio between slow and fast rotators in a cosmological context (Khochfar et al. 2011) . Hydrodynamic simulations were also employed to challenge this problem. Idealized equalmass merger simulations were used to demonstrate that merger remnants can approximate the spin-ellipticity distribution of galaxies observed (Bois et al. 2011) . A cosmological zoom-in hydrodynamic simulation on 44 central galaxies reproduced massive round slow rotators through major and minor mergers (Naab et al. 2014 ; see also Moody et al. 2014) . These studies made important advances, and we are now ready to explore the issue in greater detail covering a much wider parameter space in merger conditions. In this paper we examine the evolutions of thousands of galaxies in simulated clusters. We aim at understanding the general trend of galaxy spin evolution with a much larger sample and a wider range of merger histories compared to the earlier studies, while maintaining the simulation resolution reasonably high.
METHODS

Numerical Simulations
We used the adaptive mesh refinement code RAM-SES (Teyssier 2002) to perform a cosmological zoomin simulation on galaxy cluster scales. We first ran a dark matter-only cosmological simulation for a cube 200 h −1 M pc on a side to identify target clusters. We selected 16 dense regions of varying virial mass M 200 = 10 13.5 − 10 15 M from the cube and conducted a zoomin simulation on these regions (out to 3 R 200 ), this time including hydrodynamic calculations as well. An up-todate baryon physics recipe including AGN feedback and supernova feedback (Dubois et al. 2012 ) was adopted. Throughout the simulation and analyses, we assumed the WMAP7 cosmology (Komatsu et al. 2011) : Ω m = 0.272, Ω Λ = 0.728, H 0 = 70.4km s −1 Mpc −1 , σ 8 = 0.809, and n = 0.963.
We allowed the smallest cell to be 380 h −1 pc in size, but only the centers of a small number of galaxies actually reached to the maximum refinement level. Note that the Horizon-AGN simulation (Dubois et al. 2014 ) has the same DM particle mass resolution but allowed up to 760 h −1 pc cell resolution refinement. In practice, the effective simulation resolution is 760 h −1 pc. Still, the resolution is comparable to those of other state-of-theart simulations (Vogelsberger et al. 2014; Schaye et al. 2015; Khandai et al. 2015) . One minor difference that emerges from allowing a small number of higher resolution cells with the same DM particle mass resolution is that the stellar mass in the simulation is 1/8 of that of the Horizon-AGN simulation because the stellar mass depends on the maximum level of refinement allowed.
Galaxy Identification
Galaxies were identified by AdaptaHOP halo finder (Aubert et al. 2004 ) using the most massive sub-node method (Tweed et al. 2009 ) for substructures. Following Dubois et al. (2014) , 178 times the mean total matter density is used as the local density threshold for galaxy detection. More than 200 stellar particles are needed for a galaxy to be identified, roughly corresponding to M * = 10 8 M . Minimum size of a galaxy is 1 h −1 kpc, larger than the minimum grid size to avoid the effect of numerical noise. While the 200 stellar particle criterion is sufficient to robustly identify galaxies, we selected only galaxies with M * > 5 × 10 9 M at redshift z = 0 for the main sample. At this mass cut, the minimum number of stellar particles is ≈ 10 4 , enabling reliable measurement of galaxy rotation in radial bins. The main sample with the mass cut consists of 1726 galaxies. The other, smaller galaxies, were only considered as merging satellites. Because each galaxy has an explicit particle membership, stellar particles that belong to merging satellites were ignored when we calculated the rotational property of the main galaxy. Among 1726 galaxies, 211 are hosted by main halos, and 1515 galaxies are hosted by satellite halos as defined by AdaptaHOP algorithm. And there are 891 galaxies inside 1 R 200 of clusters.
Merger Trees and Merger Definition
The galaxy progenitor-descendant relation is determined by monitoring particle transfer between two consecutive snapshots. After determining the progenitordescendant relation, we use ConsistentTrees (Behroozi et al. 2013 ) to correct minor errors such as trees being disconnected when a galaxy passes through a larger galaxy. However, the ability of ConsistentTrees to predict the gravitational evolution of DM halos is not used in this analysis because we are mainly interested in the merger trees of galaxies, not halos. We found that the resulting galaxy merger trees are insensitive to the choice of tree building parameters mainly because our galaxies are defined by a sufficiently large number of particles.
It is worth mentioning here that "merger" in this study has a narrower meaning than the conventional halo merger. We define the beginning of a merger as when two galaxies start interacting. For comparison, halo mergers are conventionally assumed to start when the secondary halo crosses the virial radius of the primary halo. In practice, the beginning of a merger in our analysis happens when the distance between two galaxies becomes smaller than 10 times the sum of the effective radii of the two galaxies and does not grow larger. The end of the merger is defined by the final coalescence of the two galaxies, or the time when the secondary galaxy is no longer detected by the halo finder.
The merger mass ratio is defined as the stellar mass ratio at the beginning of the merger. In this study we classify mergers with mass ratio (M secondary /M primary ≥ 1/4) as major mergers, and (1/4 > M secondary /M primary ≥ 1/50) as minor mergers. Note that compared to the usual minor merger limit of 1/10, we include even smaller mergers as minor mergers. We expect this will help us to estimate the upper limit of the merger effects. The lower limit of mass ratio is 1/50, as the smallest satellite galaxy we can identify is 1/50 of the smallest main sample galaxy.
Galaxy properties
Galaxies identified by a halo finder sometimes have peculiar shapes. This is especially true for the brightest cluster galaxies (BCG) with a large part of the intra cluster light (ICL) components attached to them. There is no clear cut in distinguishing the BCG component from ICL components. To reduce possible contamination from background stellar components, we adopt a stellar surface density cut of Σ * > 10 6 M kpc −2 . Then the effective radius R ef f is defined as the radius containing half of the stellar mass above the surface density cut.
It is important to precisely determine the center of mass and the center of velocity to calculate kinematic properties. The galaxy center is defined as the threedimensional density peak of stellar particles. The system velocity of a galaxy is defined as the average velocity of the stellar particles inside one effective radius. Since a host galaxy does not include stellar particles of satellite galaxies, this leads to a robust estimation of the system velocity.
The rotation parameter is the central quantity in this study. It is defined following Emsellem et al. (2007) as:
where V i is the velocity along the projection axis, and σ i is the velocity dispersion at a given pixel. In practice, λ R and galaxy ellipticity are measured based on the stellar density map and velocity map projected along the original orientation of a galaxy given in the simulation to account for the random orientation of observed galaxies. We have tried giving random projection effects as well, but it did not make any noticeable difference to our results. The summation in the equation 1 runs over each bin of concentric ellipses with a common and a position angle(PA). The PA and of a galaxy are measured using the publicly available MGE package (Emsellem et al. 1994; Cappellari 2002) . Although and PA can vary with radius, we fix and PA as measured at √ ab = R ef f , where a and b are the semi major axis and semi minor axis. It should be noted that we mean the mass-weighted rotational property of a galaxy inside 1 effective radius by "spin" throughout this paper. This is what is practically measurable by current observations.
Most of the galaxies in our clusters appear to be earlytype in morphology, as expected from the morphologydensity relation (Dressler 1980) . Figure 1 presents three examples of our model galaxies. They all appear to be early-type in projected stellar density (top), but their kinematic properties are markedly different. The ordered rotational velocity (2nd row) is high in two galaxies (A and C), while velocity dispersion (3rd row) is unusually Last row: radial profile of rotation parameter. Most of the model galaxies in our clusters are early-type in morphology, yet their kinematic properties vary significantly, as found in recent IFU spectroscopic observations. low in C for an elliptical galaxy. We present the rotation parameter as a function of radial distance from the galaxy center (bottom) defined as equation 1. Galaxies A and C have a fast rotator profile, whereas B shows a typical profile of a slow rotator. Figure 2 shows the model galaxies in comparison with the ATLAS 3D observational data in the rotation parameter vs. ellipticity plane. In a simplistic case of circular symmetry, λ Reff ≈ 0.1 if σ = 10 v rot and λ Reff ≈ 0.7 if σ = v rot , while λ Reff = 0.31 √ (dashed curve) has been suggested as a demarcation line between slow and fast rotators. The observational data and models consistently suggest a positive correlation between ellipticity and spin, in the sense that rounder galaxies tend to rotate more slowly. They present a similar sequence in the diagram, but the ATLAS 3D data span a larger area in the parameter space. Our models are rounder and more slowly rotating than the ATLAS 3D sample. This may be Rotation parameter vs. ellipticity. The model galaxies in our clusters at z = 0 (blue dots and contours) are presented in comparison to the ATLAS 3D data (red dots). All measurements were performed at 1R ef f . The black dashed line shows the empirical demarcation between slow (below) and fast (above) rotators .
partly due to the fact that our galaxies are exclusively in clusters where environmental effects are more dramatic. Of the 1726 model galaxies, 138 (8%) are classified as slow rotators, which is in rough agreement with the observations. The early SAURON data appeared to suggest a separated distribution between slow and fast rotators (Emsellem et al. 2007 ), but our data do not present such a dichotomy.
We present the evolution of galaxy rotation parameter starting from z = 3, because it is non-trivial to extract the galaxy merger history accurately from a cosmological simulation at higher redshifts where galaxy interactions and mergers occurred in more chaotic manner. At z = 3, most of the model galaxies were fast rotators (Figure 3 ). It seems that galaxies are indeed born generally as rotating disks as tidal torque theory suggests. Galaxy mass growth was quick in early high-density peaks which later evolve to be galaxy clusters, and thus the cluster galaxies reached a stage where dispersion is more important than rotation (λ < 0.7) already at z = 3. The peak in the rotation parameter distribution moves from roughly 0.6 at z = 3 to 0.2 at z = 0. The decline is almost steady and global. There seem to be two (upper and lower) sequences, but actual changes of galaxy rotation parameter are complicated. The transition from fast to slow rotators occurs gradually. Rotation parameter density (blue shades) of model cluster galaxies since z = 3. Top panel shows three individual galaxies (arrows) that experienced major mergers during this period of time. The moments of mergers are marked with the mass ratio. The size of the arrow follows the stellar mass of each galaxy and is normalized at z = 0. Middle panel shows the galaxies that only had minor mergers, and bottom panel shows the galaxies that did not experience any merger since z = 3. In each panel an identical density shade is given for comparison purposes.
Figure 3(A) shows the evolutionary paths of three sample galaxies that had major (M secondary /M primary ≥ 1/4) mergers since z = 3. When a galaxy experiences a major merger, its impact on rotation is not simple to predict. Depending on the merger conditions and the properties of merging galaxies (e.g. orbital parameters, gas fraction, and environment), the merger can enhance or reduce spin with different magnitudes. The same is true for minor mergers. Panel B shows two sample galaxies Relative contribution of major mergers (red line), minor mergers (green), "Rest" (blue) and the total (black) spin changes of the 1726 galaxies at z=0. (A) For all galaxies. The red curve shows the distribution of spin change caused by 628 major merger events which occurred in 504 galaxies. The three curves cannot simply be summed to match the total (black) because the distributions for the mergers are for individual merger events and a galaxy can have multiple mergers. The case of a sample galaxy which had one major merger and 3 minor mergers is shown by diamonds. (B) The case for massive galaxies of log M * /M > 10.5. (C) The case for less massive galaxies of 9.7 ≤ log(M * /M ) < 10.5 shown by diamonds.
that had minor mergers since z = 3; their impact on spin is similarly complex. Note that we include all the mergers with 1/50 ≤ M secondary /M primary < 1/4 in the "minor" merger category so that we consider the effect of virtually all minor mergers even beyond what is usually possible for observational detection. Panel C shows the galaxies that apparently did not have any merger event since z = 3. To our surprise and against general expectation, the spin decline is possible and even clearer without mergers.
The significance of mergers and other processes on spin can be quantified. We monitored the galaxy merger history and measured the spin change ∆λ between before and after each merger. Here, λ before the merger is the average over the 0.5 Gyr window just prior to the beginning of the merger as defined in Section 2.3. On the other hand, λ after the merger is the average over 0.5 Gyr starting from 0.5 Gyr after the final coalescence to let the merger remnant settle down. The positions and widths of the windows were empirically chosen, and our results do not change much with the choice. Figure 4 shows the relative contribution of major mergers, minor mergers, and "Rest", where
The total (combined) change of spin since z = 3 in each galaxy is typically negative (spin down) with ∆λ ≈ −0.25.
In our sample of 1726 galaxies, 504 galaxies experienced 628 major mergers, hence on average only 1.2 major mergers per galaxy. Major mergers have a wide variety of (both positive and negative) impact on spin depending on the details of the merger, but on average reduces galaxy spin. The peak of the distribution is only marginally on the negative side and the amplitude is low, which means that major mergers are not to be ignored, but not the dominant driver of the galaxy spin evolution.
Minor mergers have a larger impact mainly because they are more frequent, but their impact (position and amplitude of the peak) is still modest. Compared to major mergers, minor mergers involve companions of smaller masses but are still effective in reducing galaxy spin over a long period of time because only a small parameter space of merger results in a spin-up during minor merger. Supporting our findings, recent observational studies have also found no clear correlation between postmerger features and spin properties (Duc et al. 2015; Oh et al. 2016) .
To our surprise, the largest contribution to the spin evolution comes from "Rest" (blue curves). They may include extremely minor mergers (of ratios smaller than 1/50), secular evolution, fly-by encounters, harassment, dynamical friction, and so on. For a sanity check we ran models of typical disk galaxies in ideal isolated environments and monitored their spin evolution, finding that their spin changes by less than 2% over a Hubble time. Hence, numerical artifact is ruled out as a main contributor. Effects of gas accretion and star formation seem minimal too, as our simulation is on cluster environments where most of the constituent galaxies are cold-gas poor and quiescent. Regarding the impact of extreme minor (larger than 1/500) mergers, we tested a case of massive galaxies (log M * /M > 10.5) and confirm that they do not make any substantial change in results.
Figure 3(C) may give us some hint as to the underlying cause. Model galaxies gradually spin down without mergers. Interestingly, some galaxies spin up occasionally. The slow rotating example in Figure 3 (C) experiences spin up at z ≈ 1, and it was caused by a fly-by interaction between this galaxy and the central galaxy of the cluster. Just like mergers, central-satellite fly-bys also have a high probability of reducing galaxy spin but can raise spin in the rare case of a corotating fly-by. It is difficult to predict the amount of spin evolution in cosmological environments analytically because such fly-by effects depend on many elements, such as halo merger history and the orbits of satellites. Another important issue is the difference between halo mergers and galaxy mergers. Many of the satellite galaxies in a cluster can be considered to be in the course of being merged. In practice, however, most of the satellite galaxies orbit around the cluster center for more than a Hubble time before finally merging. During such orbital motions of galaxies, various tidal effects occur and contribute to the spin evolution. Figure 4 shows that the spin evolution is massdependent. The overall total spin down (∆λ ≈ −0.25) is similar between the two mass bins, but the details are different. The more massive sample experiences a larger spin down through mergers, and the combined effect of major and minor mergers is larger than that of "Rest". In the less massive galaxy sample, "Rest" dominates the spin evolution. It seems that different drivers operate the spin history in different mass regimes.
DISCUSSION
Our models are for the moment exclusively on cluster galaxies, as our simulation was originally motivated by different questions. As a result, a direct comparison between the existing data and our models is not possible. In addition, the spatial resolution of our models is an issue. Our resolution is comparable to those of other stateof-the-art large-volume simulations but still too poor to adequately follow galaxy spin evolution. The resolution is barely good enough to resolve galactic disks and not sufficient to reproduce their vertical structure. For example, the scale height of the Milky Way stellar disk is roughly 300 pc (Cox 2000) which is 2-3 times smaller than the maximum resolution of our models. The poor spatial resolution also makes it difficult to reproduce the radial disk structures such as bar and spiral arms. Such structures likely affect the disk rotation and the formation of spheroids as well. This means that our models are not currently capable of reproducing realistic disks. Galaxies are born as disks and (some) disk mergers lead to spheroids. Hence, without proper disks to begin with, proper spheroids may not be achieved either. Considering all these issues, our results on spin evolution should be taken only qualitatively.
As a key to the history of galaxy formation and evolution, spin is considered more significant than ever before. Through the novel technique of IFU spectroscopy, we have access to the two-dimensional spectroscopic maps and thus the kinematic information of thousands and soon orders of magnitude more galaxies (Croom et al. 2012; Sánchez et al. 2012; Bundy et al. 2014; Ma et al. 2014; Brodie et al. 2014; Bland-Hawthorn 2015) . Considering the highly non-linear nature of spin evolution, cosmological hydrodynamic simulations seem to be the best tool for its investigation.
Using our cluster zoom-in simulations, we have gained a tantalizing first glimpse of the relative importance of the processes driving galaxy spin evolution. Galaxies do spin down through the cosmic history with and without mergers. Mergers are important yet not the dominant contributor. Many questions await answers. What is the "Rest" that seems the most significant operator in the spin evolution? How can we pin down and quantify the contribution from each physical process while multiple processes act in complex combinations? Does the cluster mass or density in the environment matter? All these questions should and will be challenged in the near future through more extensive IFU observations and systematic (high resolution) simulation efforts.
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